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Abstract

AlxGaixN (x=0.20, 0.50, 0.63) films grown on (0001) sapphire substrates by metal organic
chemical vapor phase deposition were implanted with Tb ions at 150 keV and a fluence of
7x10%* Th.cm™. The implantation was carried out with the beam aligned with the c-axis and
the implantation temperature was varied from room temperature (RT) to 550 °C. Additionally,
post-implantation rapid thermal annealing was performed at 1200 °C during 120 s. The impact
of implantation temperature on the damage accumulation is investigated. Rutherford
backscattering spectrometry/channeling (RBS/C) measurements show that two damage
regions are forming and the damage is not decreasing monotonically with the increase of
implantation temperature. Bulk damage follows the same trend for all AlxGaixN
compositions, increasing when the temperature is raised up to ~100 °C, and then decreasing
for higher temperatures. A good agreement is observed between the damage accumulation
obtained from RBS/C and the strain profile derived from symmetric (0002) 260-o X-ray

diffraction scans. Transmission electron microscopy results show the suppression of basal



stacking faults after implantation at 550 °C. Tb lattice site location studies revealed two
preferential sites: the substitutional cation site and a site displaced from that by 0.2 A along
the c-axis. A higher substitutional fraction of Tb ions is obtained for implantation temperature
of 550 °C. The optical activity investigated by photoluminescence showed that after thermal

annealing, the °D4 —F; intra-4f® transition is detected in all the samples.

Keywords: Rutherford backscattering spectrometry/channeling; X-ray diffraction;

Transmission electron microscopy; Photoluminescence; AlGaN.

1. Introduction

I1l-nitride based semiconductors proved to have important properties suitable for
optoelectronic applications [1-3]. The incorporation of rare earth (RE) ions into IlI-nitride
compounds broadens their field of applications for full-color displays or optical
communications [4-6]. Doping using ion implantation offers concentration control of
implanted ions, lateral patterning and reproducibility, widening the possibilities for device
design [7]. However, the defects generated during this process are detrimental for device
performance and materials’ properties. For IlI-nitride semiconductors, such as GaN, AIN
and their alloys, implantation damage build-up processes are very complex and, in
particular for the ternaries, poorly understood [8-12]. The mechanism of damage
formation due to ion implantation in GaN and AIN showed some relevant differences
between the two compounds. In particular, preferential surface damage, typical for GaN,
was attributed to the mobility of point defects allowed by the dense network of basal and

prismatic stacking faults resultant from ion implantation [13]. Much lower surface damage



in AIN was explained by the higher formation energy of prismatic stacking faults and
therefore less efficient defect migration towards the surface than in GaN [13]. The
behavior of surface damage build-up for the ternary AlxGaixN was shown to be similar to
GaN for low AIN contents (x=0.15) and similar to AIN for high AIN molar fraction
(x=0.77) [14]. Concerning damage close to the end of range, studies performed for
AlxGaixN (0<x<0.6) indicate the increase of dynamic annealing processes and enhanced
radiation resistance during heavy ion implantation on samples with higher AIN content
[15]. However, for light ion implantation, a higher concentration of damage in AlxGaixN

with higher AIN content at high fluence regime was obtained [11,12].

Post-implantation annealing treatment is required for optical activation of implanted RE
ions but only partial lattice recovery is achieved even for annealing well above the growth
temperature [16,17]. Additional procedures to mitigate the ion implantation effects are
therefore important. Previous reports showed that performing the implantation along a
major crystallographic direction reduces the lattice damage during the implantation
process, as the ions are channeled along the atomic rows, reducing the number of nuclear
collisions [14,18-23]. An additional way to reduce the damage could be to increase the
substrate temperature during the ion implantation process, increasing the mobility of point
defects, and thus promoting their recombination. In the literature, the studies performed
for GaN showed some discrepancies. For instance, Parikh et al. [24] and Jiang et al. [25]
reported a decreasing damage accumulation with increasing implantation temperature
from room temperature (RT) to 550 °C. For the wider range investigated by Usov et al.
the opposite tendency was found for the temperature range from 500 °C to 700 °C, with a
subsequent decrease for temperatures up to 1000 °C [26]. The increase of damage between

500 °C and 700 °C was referred to as reverse annealing and it was attributed to the



formation of a new type of defects composed by carbon and nitrogen precipitates [27].
From the implantation studies of Tm and Eu implanted at RT and 500 °C, Lorenz et al.
reported the suppression of the formation of the nanocrystalline surface layer in GaN
during high-temperature implantation, a decrease of the incorporated bulk damage and an
increase of the substitutional RE fraction as well as the luminescence intensity [17]. From
our previous work, the damage concentration due to ion implantation in AlxGai-xN is
substantially reduced with channeled implantation up to intermediate fluences, and after
thermal annealing treatment [14,28], but additional measures still need to be implemented

to reduce the implantation damage.

In this work, we investigated the effect of implantation temperature on the damage
accumulation and lattice deformation in AlxGai-xN. The nature of defects is investigated
using transmission electron microscopy (TEM). After rapid thermal annealing, the ion
channeling technique is used to unveil the lattice site location of Tb ions and

photoluminescence (PL) assesses the optical activation of Tb ions within the ternary alloy.

2. Experimental details

AlyGaixN (x=0.20, 0.50, 0.63) films, grown on (0001) sapphire substrates by metal
organic chemical vapor deposition (MOCVD), were purchased from NOVAGAN. The
AlxGaixN layer thicknesses were 565 nm, 625 nm and 519 nm for samples x=0.20, 0.50
and 0.63, respectively. All samples were implanted with Tb ions at 150 keV and a fluence
of 7x10'* Th.cm™. The implantation was carried out with the ion beam perpendicular to
the sample surface normal (channeled implantation). During this process, ion channeling

is guaranteed due to the high critical angle for dechanneling of 150 keV Tb ion on AlxGaz-



xN , between 6.7 ° and 6.1 ° for GaN (x=0) and AIN (x=1), respectively, according to
Lindhard theory [29]. The implantation temperature was varied from RT to 550 °C. Table
| identifies the implantation conditions used for this study. Post-implantation rapid
thermal annealing (RTA) at 1200 °C in flowing N2 during 120 s was conducted for all
samples to promote the optical activation of Tb ions. The structural characterization was
performed using Rutherford backscattering spectrometry/channeling (RBS/C), TEM and
high-resolution X-ray diffraction (HRXRD). A 2 MeV He" beam delivered by a 2.5 MV
Van de Graaff accelerator was used for the RBS/C measurements. The RBS/C spectra
were collected with a solid state detector placed at a scattering angle of 165° with an
energy resolution of 19 keV and solid angle of 11.4 msr. By rotating the sample in the
azimuthal direction and tilting the sample normal by 5° away from the beam direction,
random spectra were collected. A two-axes goniometer allowed crystal alignment to major
crystallographic directions in order to study crystal quality and lattice site location. The
determination of implantation damage profiles along the AlxGaixN layer depth is
accomplishing using Deco code [30]. This code uses the two-beam approximation model
where the incident beam is divided into dechanneled and channeled fraction that can have
interaction with defects, which are considered to be randomly displaced atoms [31,32] .
To account for increased dechanneling yields due to extended defects, such as stacking
faults and dislocation loops, the critical angle was varied until reaching a damage level of
zero in the unimplanted deeper regions of the sample [33]. Thus the derived defect
profiles correspond to the density of displaced atoms leading to direct backscattering. To
derive information on the density of extended defects from RBS/C spectra, detailed
models of the nature of these defects need to be developed and implemented in Monte

Carlo codes [34].



The Monte Carlo code FLUX was used to simulate the angular scans and extract the
lattice site location of Tb ions [35]. The FLUX package is a code consisting of several
programs. The most important one, called FLUX, calculates the flux density of ions inside
the perfect crystal (axial channeling in the <0001> direction is considered in the present
case). The program YIMP then uses this flux distribution to calculate the yield of
impurities on certain sites inside the unit cell. By doing such simulations for different
angles between the incoming ion beam and the considered crystal axis it is possible to
reproduce the full channeling scan and fit it to the experimental data considering if

necessary several fractions of impurities on different lattice sites.

A high-resolution D8Discover diffractometer from Bruker-AXS using Cu K, radiation, a
Gobel mirror, a Ge (220) monochromator, and a scintillation detector was used for the
HRXRD measurements. The deformation as a function of depth was obtained by
simulating and fitting the symmetric (0002) 20-o scans using the dynamical theory of
XRD [36] and Bartel’s recursion formula [37]. The o parameter is introduced in the static
structure factor to account for the decrease of diffraction intensity due to lattice defects
and it is expressed by a=1-exp(-B.€1(z)?), where B is a fitting parameter and €.(z) is the
perpendicular deformation along depth [14,28,38]. It can be interpreted as a measure of
crystal quality, where it can take values between 1 (perfect crystal) and 0 (amorphous
structure). The microstructure of selected samples was analyzed using TEM. Cross-
section samples were prepared by mechanical polishing using a Multiprep machine to
achieve a thickness lower than 10 um. Afterwards, electron transparency was attained by
5 kV Ar ion milling using a GATAN precision ion polishing system (PIPS) at an
incidence angle of 5° During the process, the sample holder was kept at cryogenic

temperature (liquid nitrogen) in order to minimize the beam damage. Observations were



carried out by conventional TEM in a JEOL 2010 (CTEM) microscope operated at
200 keV. lon channeling is used to study the lattice site location of the implanted ions by
performing angular scans across major crystallographic directions within the principal
planes {1210} and {0110}. The PL optical characterization was conducted using a
325 nm (3.8 eV) cw He-Cd laser line as the excitation source. During the measurement,
the samples’ temperature was varied from 14 K to RT by means of a closed-cycle helium
cryostat. The luminescence was collected by a dispersive system SPEX 1704
monochromator (1 m, 1200 grooves m™) coupled to a cooled Hamamatsu R928

photomultiplier tube.

3. Results and discussion

Fig. 1 shows the <0001> aligned RBS/C spectra for as-grown samples and for the set of
implantation temperatures studied on the three different AlxGaixN materials. The as-
grown samples exhibit a characteristic peak at channel 600 due to the scattering of ions at
the atoms in the surface plane. The surface atoms lead to a shadowing cone preventing the
scattering from the underlying row of atoms. Two damage regions can be identified in all
samples when analyzing the Ga-signal: surface damage within the first ~25 nm and the
bulk damage region that can be most clearly seen for sample x=0.20 implanted at 100 °C
and 140 °C, see Fig. 1a). It should be noted that, due to the channeled implantation
geometry, the damage is already quite low at this fluence. The damage level depends on
the implantation temperature and the differences are most visible for sample x=0.20. For
this sample, both the surface and the bulk damage increase with temperature up to 140 °C

and then a fast decrease is observed at 200 °C and 300 °C. At the highest temperature of



550 °C, the bulk damage increases slightly for sample x=0.20. For the other samples, the
differences in the RBS/C spectra for varying implantation temperature are less
pronounced. For all samples, the bulk damage increases for implantation at 550 °C while

the surface damage is reduced.

In Fig. 2(a) the depth profile of damage accumulation extracted with the Deco code for
sample x=0.20 is compared for three temperatures. The bulk damage has a maximum
around 55 nm, close to the maximum of Tb ion distribution, as shown in the inset of Fig.
2(a). The evolution of the maximum bulk damage with implantation temperature can be
followed in Fig. 2(b) for all samples. A general trend is obtained for the bulk damage in
AlxGaixN under ion implantation at different temperatures. The damage level first
increases up to temperatures of 100-200 °C and the further increase of temperature
reduces it to a value close to that obtained for RT implantation. The surprising increase of
damage level for implantation at 100-200°C may be related with increased interaction of
defects at this temperature forming stable clusters. For 550 °C, a slight increase of damage
is obtained which may be related with a less effective channeling of Tb ions due to the

increase of the thermal vibrational amplitude of lattice atoms.

Fig. 3(a) shows the XRD 20-o scans of the (0002) reflection and the respective
simulations for samples with x=0.20 after implantation at different temperatures. An
expansion of the c-lattice parameter in the implanted volume is evidenced by the satellite
diffraction peaks appearing at lower 20 as compared to the main Bragg peak arising from
the deeper, unimplanted regions of the sample and which is similar to the peak of the as-
grown sample. In accordance with RBS/C results, a higher maximum strain and lower
crystal quality (o parameter) are obtained for implantation at 100 °C (and at 140 °C, not

shown), while only small differences are seen for the other studied temperatures. The



perpendicular deformation and o parameter, extracted from the simulations, suggest three
deformation regions along the depth; see Fig. 3(b). In the region up to 50 nm, the
deformation is the highest, following the maximum of nuclear energy deposition
calculated from SRIM of 20 and 30 nm for GaN and AIN, respectively [39]. In this
region, no significant effect is found with temperature, except for samples implanted at
100 °C and 140 °C. For an intermediate region, between 50 nm and ~200 nm, the sample
implanted at the highest temperature (550 °C) shows the lowest deformation, which could
be interpreted as a low density of defects or defects of different nature. For the deepest
regions, close to the deformed/non-deformed interface, the 550 °C implanted sample
shows slightly higher deformation probably due to the increased defect diffusion at high
temperature. Similar behavior is also observed for sample x=0.50. For the one with
x=0.63, the strain at the intermediate region is reduced when the implantation is
performed at temperatures above RT. In Fig. 4, the maximum perpendicular deformations,
obtained from the simulation of XRD curves, are plotted to compare the effect of
implantation temperature for the different AIN content samples. The same tendency is
obtained for the three AlxGaixN layers and the evolution of ™ with temperature
follows the same trend obtained for the defect concentration extracted from RBS/C; see
Fig. 2(a). e.™™first increases when the temperature is raised to ~100 °C, and then suffers a
fast decrease between 200 °C (lowest £1™* for sample x=0.63) and 300 °C (lowest &, ™®
for samples x=0.20 and x=0.50). The slight increase of £.™® for the highest temperature
also agrees with the increase of defect concentration measured by RBS/C. Such effect
may be related to the increase of thermal vibrational amplitude causing the dechanneling
of implanted ions that result in more defects contributing to lattice expansion. The

changes of €™, as well as the defect density obtained from RBS/C as a function of the



implantation temperature, can be explained by dynamic annealing effects. Point defects
created in GaN by ion implantation were shown to be mobile at temperatures below RT
[8]. Increasing the temperature is expected to increase their mobility, which can enhance
defect recombination as well as the interaction of point defects among each other. RBS/C
and XRD results thus suggest that raising the implantation temperature to ~100-200°C
enhances the interaction between defects and promotes the formation of stable complex
defects. Further increase in the implantation temperature either leads to a reduction of the
complex defects concentration or to a transformation of defects morphology (i.e. the

formation of defects for which RBS/C and XRD are less sensitive).

In order to shed more light on these issues, two samples x=0.20 implanted at 100 and 550
°C were further investigated by TEM. In Fig. 5(a) the g=0002 weak beam image for the
sample implanted at 100 °C shows contrast related to interstitial or vacancy clusters down
to ~150 nm. From g=1010 weak beam image, a buried layer of 60 nm width shows non-
continuous bright lines parallel to the sample surface related to stacking faults, while the
surface layer (18 nm) exhibits no stacking faults, see Fig 5(b). These results are very
similar to those reported on implanted Il1I-nitrides at RT [13,15,40,41]. In particular, GaN,
AIN and AlxGaixN implanted with RE at RT showed the coexistence of defect clusters
and basal stacking faults [14,19,42]. Therefore, we conclude that raising the implantation
temperature to 100 °C increases the concentration of these defects but does not change
their nature when compared to samples implanted at RT. When the implantation is
performed at 550 °C, the profile of defect clusters with displacements along the c-axis
extends to deeper regions (200 nm) due to the increase of defect diffusion at high
temperature, see Figure 6(a). Interestingly, the formation of stacking faults is suppressed

at this implantation temperature, indicating the beneficial contribution of defect diffusion,



as shown in Fig. 6(b). This is clearly an effect of altered dynamic annealing processes
since much higher temperatures are required to remove stacking faults once they are

formed (well above 1000°C in GaN) [43].

Additional characterization should be performed in order to understand the processes
leading to increased damage formation at 100-200 °C. Previous studies performed for
GaN also showed the increase of damage concentration but in a different temperature
range, between 500 °C and 700 °C. This behavior was attributed to the formation of a new
type of defects composed by carbon and nitrogen precipitates [27]. In fact, carbon
contamination is possible due to the decomposition of organic radicals during the crystal
growth by MOCVD. The growth of AlGaN by MOCVD involves a chemical reaction of
vapor-phase metal-organic precursors such as trimethyl or triethyl gallium/aluminum as
Ga and Al sources while ammonia (N source) is used as a reactant gas [44,45]. Carbon
contamination is possible when residual compounds originated in the partial dissociation
of trimethyl or triethyl gallium/aluminum precursors to dimethyl group, which can end
being absorbed on the growing surface [46,47]. An increase of damage accumulation
around 100 °C was also reported for GaN by Pipeleers [41], although it was more
pronounced for random implantation geometry. In the same work, the strain profile was
consistent with the defect concentration up to 500 °C, and after that, an increase of strain

attributed to the formation of nitrogen bubbles or precipitates was found.

The samples were annealed at 1200 °C during 120 s to promote the recovery of
implantation damage and to optically activate the implanted ions. Fig. 7 shows the
remaining damage concentration measured by RBS/C after the thermal treatment.
Although not completely removed, the damage is reduced in all the samples with the

exception of the ones with x=0.63 and implanted at RT and 100 °C, which showed lower



defect accumulation before the annealing treatment (see Fig. 2(b)). This is similar to
results reported for Eu implanted AIN where in samples with very low defect
concentrations (low fluences comparable to those used here) the damage was seen to
increase slightly after annealing, possibly due to the formation of defect complexes [19] .
Independently of AIN molar fraction, the final lattice disorder remains higher for samples

implanted at 100 °C, as it was already the case for as-implanted samples.

Fig. 8(a) shows the HRXRD measurements of 20-m scans of (0002) reflection for selected
x=0.20 samples. The lattice deformation is reduced after thermal annealing (compare with
Fig. 3(a)) but the highest deformation is still observed for the sample implanted at 100 °C,
in agreement with RBS/C results. The lattice perpendicular deformation for the same
samples is shown in Fig. 8(b). The inset shows the o parameter depth profiles. The lattice
deformation profile is similar for the implantation temperatures studied with the exception
of the sample implanted at 100 °C, which shows higher deformation but a lower volume
of deformed material. All samples showed a recovery of the deepest implanted region,
evident by the reduced thickness of the deformed layer. For the remaining temperatures,
the maximum of deformation is similar and the extension reaches up to 300 nm of depth.
The comparison of e.™ for all the samples after thermal annealing is depicted in Fig. 9.
The €. decreases for all the samples in comparison with the as-implanted state and the
trend is similar for the different AIN content samples. However, for sample x=0.50 a
decrease of 1™ is seen with the increase of implantation temperature starting from 100
°C, while the behavior of as-implanted samples is kept for the other samples with different
AIN content. It can be seen that lower deformation is obtained when implantation
temperature is increased, and the lowest values are obtained for 300 °C (x=0.20), 550 °C

(x=0.50) and 200 °C (x=0.63). Interestingly, the same tendency as obtained for the defect



concentration extracted from RBS/C (Fig. 7) is observed for lattice deformation.
However, the agreement is not perfect. For example, for 100°C implantation the sample
x=0.2 shows the lowest density of displaced atoms measured by RBS/C while the strain is
still higher than for sample x=0.63. This should be due to different sensitivities of the two
techniques for certain defect types. Sample x=0.20 implanted at 100 °C and annealed at
1200 °C was also investigated from the microstructural point of view with TEM. The
g=1010 image is shown in Fig. 10, revealing the contrast related to basal stacking faults
(some are marked with white arrows) but showing lower density of such basal defects as
compared to the as-implanted sample (Fig. 5(b)). This is in agreement with the reduction
of stacking fault density in ion-implanted GaN annealed at the same temperature [43]. For
the TEM images along g=0002 (not shown), no noticeable difference was obtained but

quantification of defect complex concentration by TEM is difficult.

Tb lattice site location was investigated for selected samples after thermal annealing
treatment. Fig. 11 shows the full angular scans for the x=0.20 sample implanted at the
highest temperature (550 °C) for the <0001> axis as well as two tilted axes, within
different families of planes, <2113> in {0110} and <0110> in {1210}. Flux simulations
were performed to extract the position of Th ions within the AlxGaixN lattice. A good
agreement of the simulation with the experimental results for the Ga sublattice was found,
assuming a lattice vibration amplitude u2 of 0.09 A. The best fit for the Th scan was
achieved considering two different lattice sites (a substitutional cation site, Fs, and a site
displaced by 0.2 A along c-axis from the substitutional site, Fq) plus a fraction of
randomly distributed atoms, Fran. The best fit obtained for this sample was achieved
considering Fs of 70(4) %, Fq of 17(3) % and Fran of 13(1) %. For the x=0.20 sample

implanted at RT, the results obtained do not differ much from the high implantation



temperature sample, with the best fit achieved with Fs of 63(5) %, Fran of 10(1) % and a
higher fraction of Th ions displaced along the c-axis (27(4) %). The displacement of 0.2 A
is consistent with the displacements found in a previous work where the Tb ion
implantation in AlxGaixN was performed at RT [42]. Sample x=0.50 implanted at 550 °C
was also studied after annealing. The FLUX simulation revealed a similar site location
and fractions, as obtained for sample x=0.20 implanted at the same temperature (Fs =74
%, Fq =13 %, Fran =13 %). It should be noted that the defect concentration (Fig. 7) and the
maximum perpendicular deformation (Fig. 9) are similar for both samples. The Tb
fraction found on the displaced site may be related to the formation of defect complexes
such as Tb substituting a cation plus a next neighbor nitrogen vacancy (REaicatVn).
Theoretical calculation considering Er, Eu and Tm ions in GaN and using Density
Functional Theory showed that these defect complexes have high binding energy and that
the two possible defect configurations, axial and basal depending on V position, lead to
the relaxation of RE (by 0.1 to 0.2 A) towards the vacancy [37-39]. Axial configuration
agrees with the displacement along the c-direction obtained in this work and the high
binding energy (1.1 eV to 1.6 eV) may explain its stability even after thermal annealing

[50].

The samples implanted at different temperatures were optically studied using PL (Fig. 12),
under excitation of 325 nm (above bandgap for x=0.20 and below for the remaining AIN
molar fractions). Fig. 12 (a) shows the low temperature PL spectra for the AlxGaixN
sample with x=0.20 before and after implantation at 300 °C (with 7x10'* Th.cm?) and
annealing at 1200 °C. For the as-grown samples, sharp lines of unknown origin are
observed in the ultraviolet region, as well as, a broad yellow luminescence band (YB) in

the visible region. After implantation, a broad UV band is detected, likely due to the



defects generated during the implantation process. The optical activation of Th*" was only
achieved after the thermal treatment, revealing the intraionic transitions of Th®" assigned
to °Ds —'F; with J=6, 5, 4 and 3 (shown in Fig. 12 (b)). The highest peak intensity was
observed for the °Ds —Fe transition, at ~ 491 nm. These transitions appear overlapped
with the YB. A slight shift of this band from ~ 525 nm (as-grown sample) to ~ 541 nm
was observed, which may be attributed to different relative intensities of the optically
active centers that contribute to this emission. Furthermore, previous works revealed that
thermal annealing may induce/promote the defects responsible for the YB [53], which

seems to be also the case in the present samples.

As previously mentioned, the samples were implanted at different temperatures and a
comparison of the PL spectra for sample x=0.20 is depicted in Fig. 12 (b). This sample
was chosen for this comparison since it is the one that showed the best lattice recovery
after thermal annealing. Additionally, only for this composition does the used laser allow
the excitation above the bandgap. An increase in the relative intensity of the intraionic
emission is clearly observed with increasing implantation temperature. Since the relative
damage concentration was found to be slightly higher for the sample implanted at 550 °C,
this increase is likely due to the presence of a higher concentration of Tb®" ions on

substitutional cation sites for this implantation temperature.

Fig. 12 (c) shows the RT PL spectra for the three AIN compositions and implanted at
550 °C. In the case of the samples with higher AIN molar fraction (x=0.50 and 0.63) a
broad band centered around 500 nm is also visible. For those samples, the intraionic Tb
emission is mostly obscured by this band since its relative intensity is very weak. As this

band was not present in the as-grown samples (not shown), its origin should be related



with the defects created during implantation and/or annealing processes. In fact, these
samples exhibit a higher relative damage concentration when compared to the x=0.20
sample (see Fig. 7). Thus, the ion may be surrounded by a higher concentration of damage
sites that contribute for the quenching of the intraionic emission. However, different
excitation pathways for excitation below the bandgap may also play a role in the exhibited

spectral shape.

Conclusions

AlGaixN films grown by MOCVD were implanted with Th ions at a fluence of 7x10*
Th.cm? under channeled geometry. In pursuance of further implantation damage
reduction, the substrate temperature was raised during ion implantation as a way to
increase defect mobility that results in the recombination of vacancies and interstitials; the
implantation temperature was varied from RT to 550 °C. The bimodal damage distribution
has a different behavior with increasing temperature for the two damage regions: at the
near-surface and at the bulk. The near-surface damage decreases with increasing
temperature for high AIN content samples, while for the lower AIN content it first
increases up to 140 °C and then decreases with temperature. The bulk damage follows the
same trend for different AlxGaixN under ion implantation with increasing implantation
temperature. The increase of temperature to ~100-200 °C increases the damage
accumulation and the further increase of temperature reduces it down to a value close to
the damage obtained at RT. A twofold effect at high temperature should be considered:
the increase of the thermal vibrational amplitude of lattice atoms which decreases the

channeling of implanted ions and the increase of defect diffusion. The former hampers the



further damage reduction, as observed from RBS/C and XRD for implantation at 550°C,
while the latter may be related with the suppression of basal stacking faults at this
implantation temperature. In contrast, implantation at 100 °C, results in an increase of
defect concentration and strain as measured by RBS/C and XRD while the dominant
defects visible in TEM images are the same as in RT-implanted samples, namely, point
defect clusters and basal stacking faults. The evolution of the maximum of perpendicular
deformation with temperature follows the trend observed for the defect concentration
extracted from RBS/C in all samples before and after annealing. Thermal annealing
partially reduces the implantation damage and the microstructural changes result in the
decrease of basal stacking fault density without much change for the atomic displacements
along c-axis. The c-lattice expansion is also reduced and the same tendency as obtained
for the defect concentration extracted from RBS/C is observed for the lattice deformation.
Tb lattice site location for samples implanted at different temperature and after thermal
annealing revealed a similar signature in all the investigated samples, with a slightly
higher Tb fraction on substitutional cation sites found for the implantation performed at
550 °C. The characteristic green light emission from Th%" D, —'Fs emitting level is

achieved for all the AlxGai.xN samples.
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Tables

Table I: Experimental conditions used for the implantation of Tb ions in AlxGai-xN layers.

AlLGaiN Temperature Fluence Angle Energy

(°C) (Th.cm?) (deg.) (keV)
x=0.20, 0.5, 0.63 RT
x=0.20 70
x=0.20, 0.5, 0.63 100

x=0.20 140 7x104 0 150

x=0.20, 0.5, 0.63 200
x=0.20, 0.5, 0.63 300
x=0.20, 0.5, 0.63 550




List of figure captions:

Fig. 1: <0001> RBS/C spectra for samples (a) x=0.20, (b) x=0.50 and (c) x=0.63
implanted to a fluence of 7x10* Th.cm at temperatures ranging from RT to 550 °C and
under channeled geometry. The regions of bulk damage and surface damage are indicated

on the depth scale.

Fig. 2: (a) Relative damage concentration as a function of depth for sample x=0.20
implanted with 7x10** Tb.cm™ at different temperatures. The inset shows the Th depth
profile. (b) Relative damage concentration as a function of implantation temperature taken

at the maximum of the bulk damage region at about 55 nm depth as indicated in a).

Fig. 3: (a) HRXRD 26-w scans of (0002) reflection for samples with x=0.20 implanted
with Tb ions at different temperatures and (b) the perpendicular deformation profile
extracted from the simulation of XRD curves. The inset shows the o parameter depth

profile.

Fig. 4: Maximum perpendicular deformation as a function of implantation temperature for
AlGaixN samples with x=0.20, 0.50 and 0.63 implanted with a terbium fluence of 7x10%

Th.cm™.

Fig. 5: Cross-sectional TEM dark field observations using (a) g=0002 and (b) g=1010

reflections in weak beam condition for sample x=0.20 after Th implantation at 100 °C.

Fig. 6: Cross-sectional TEM dark field observations using (a) g=0002 and (b) g=1010

reflections in weak beam condition for sample x=0.20 after Tb implantation at 550 °C.

Fig. 7: Relative damage concentration as a function of implantation temperature taken at

the maximum of the bulk damage region.



Fig. 8: (a) HRXRD 26-» scans of (0002) reflection for samples with x=0.20 implanted
with Tb ions at implantation at different temperatures and after rapid thermal annealing at
1200 °C and (b) the perpendicular deformation profile extracted from the simulation of

XRD curves. The inset shows the o parameter depth profile.

Fig. 9: Maximum perpendicular deformation as a function of implantation temperature for
AlGaixN samples with x=0.20, 0.50 and 0.63 implanted with a terbium fluence of 7x10%

Th.cm™ and annealed at 1200 °C.

Fig. 10: Cross-sectional TEM dark field images using g=1010 reflections in weak beam
condition for sample x=0.20 after Tb implantation at 100 °C and subsequent thermal

annealing treatment. The arrows indicate some of the basal stacking faults.

Fig. 11: Full angular scans across <0001>, <2113> and <1011> crystallographic

directions sample x=0.20 implanted at 550 °C and annealed at 1200 °C.

Fig. 12: (a) Comparison of the 14 K PL spectra for the Alo2GaosN: Th®* sample before
and after implantation at 300 °C and annealing at 1200 °C. (b) 14 K PL spectra for sample
x=0.20 implanted at different temperatures and annealed at 1200 °C. (c) RT PL spectra for
AlLGaixN: Th** (0.20 <x<0.63) samples, implanted at 550 °C and annealed at 1200 °C.

The emission lines of Th®* are indicated by arrows.
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Highlights

e The impact of implantation temperature on the damage accumulation is investigated.
Rutherford backscattering spectrometry/channeling (RBS/C) measurements show that
two damage regions are forming and the damage is not decreasing monotonically with the
increase of implantation temperature.

e A good agreement is observed between the damage accumulation obtained from RBS/C
and the strain profile derived from symmetric (0002) 26-o X-ray diffraction scans.

e Transmission electron microscopy results show the suppression of basal stacking faults
after implantation at 550 °C.

e The optical activity investigated by photoluminescence showed that after thermal

annealing, the °D4 —F; intra-4f® transition is detected in all the samples.



